oronary arterial tone impacts the frequency and the threshold of angina attack in patients with coronary artery disease. 1,2 The basal coronary arterial tone is known to be increased in patients with coronary spastic angina (CSA). 3, 4 The high arterial tone is associated with the hyper-sensitive response to the intracoronary injection of acetylcholine or ergonovine in patients with CSA. 4 However, it has been difficult to non-invasively assess the coronary arterial tone. 5 As the coronary flow velocity (CFV) is inversely related to the luminal size that exists for the distal myocardial bed, 6 the elevated basal arterial tone can be assessed as the higher flow velocity in the epicardial artery. Recently, the transthoracic Doppler echocardiography (TTDE) technique has emerged to take reliable measurements of the CFV and CFV reserve (CFVR) in the left anterior descending artery (LAD) using intravenous administration of adenosine 5'-triphosphate (ATP). 7-9 Accordingly, we evaluated the usefulness of TTDE for the non-invasive assessment of the coronary arterial tone in human LAD.
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Methods

Study Patients and Study Design
We studied 32 consecutive patients with chest pain at rest who underwent a coronary angiography and had no Circulation Journal Vol.70, April 2006 significant stenoses. Two patients were excluded because of the suboptimal measurements in TTDE. A total of 30 patients (age 40 to 77 years, mean 59.8±9.3 years old, 21 male, 9 female) were included for further analysis.
The Institutional Review Board approved the study, and the patients provided written informed consent. Vasodilators were withdrawn at least 72 h before the study, except sublingual nitroglycerin (NTG), which was withdrawn at least 2 h before the study. The patients fasted overnight and did not smoke within 2 h prior to the study. All foods or drinks containing flavonoid or catechins were withheld during the study. The Doppler examinations were performed in the morning. The Doppler echocardiographic measurements were conducted before and 3 min after the oral administration of NTG.
CFV Measurements
TTDE was performed with a 5 MHz transducer connected to a Vivid 7 echocardiographic machine (GEVingmed Ultrasound, Horton, Norway), by an experienced investigator. The distal LAD was examined by using color Doppler mapping with a velocity range from -15 to +15 cm/s. After positioning a sample volume where the ultrasonic beam was as parallel to the direction of the distal LAD as possible, the spectral Doppler signal was recorded by fast Fourier transformation analysis for the baseline measurement. Thereafter, Doppler signals were obtained under the maximal hyperemic conditions during the intravenous infusion of ATP at the speed of 0.14 mg· kg -1 · min -1 . Images were stored on a 5-inch MO disk for offline analysis. The mean diastolic flow velocity was traced for the CFV measurements. The measurements were averaged over 3 cardiac cycles. The CFVR was calculated as the CFVNTG/Pre = CFV after NTG/Baseline CFV CFVRNTG/Pre = CFVR after NTG/Baseline CFVR
Coronary Angiographys
A coronary angiography was taken from the right anterior oblique view both at the baseline and after the administration of NTG by an oral spray. To avoid the variation in the time of angiography, regarding the circadian changes of vascular tone, all angiograms were taken before 10.00 h. An offline quantitative coronary angiography (QCA) was performed, and the luminal diameters (LD) of angiographically normal segments in the mid LAD were analyzed by an automated edge detection system (CMS, MEDIS, Leiden, Netherlands) both at the baseline and after the administration of NTG by an experienced observer who was blinded to the echocardiographic analysis. To quantify the coronary vascular tone, the dilatation of LAD diameter was calculated as follows:
LDNTG/Pre = Diameter after NTG/Baseline diameter
Statistical Analysis
Data were expressed as mean ± SD. Differences in all the measurements were analyzed by the repeated ANOVA and a post hoc test where appropriate. Statistical significance was defined as a p value <0.05. In the scattergrams, the relationship and variability between coronary flow parameters and angiographic luminal change were analyzed by using a polynominal regression test.
Results
Patients
The characteristics of the 30 studied patients are summarized in Table 1 . All patients complained of chest pain at rest. Five out of 30 patients had diabetes. Fourteen patients were clinically diagnosed as having CSA.
Angiographic and Hemodynamic Findings
By administrating NTG orally, the patient heart rate tended to increase, however, the fall of blood pressure was not significant (Table 2) . QCA demonstrated the significant increase of LD of the LAD from 1.98±0.46 to 2.51± 0.34 mm, p<0.001. The mean LDNTG/Pre was 1.32±0.30. Values are presented as mean ± SD or n (%). 
Doppler Echocardiographic Findings
As shown in Table 3 , baseline CFV significantly decreased from 23.9±10.0 to 16.3±5.6 cm/s following NTG administration, p=0.033. However, the hyperemic CFV did not change significantly from 53.3±19.1 to 54.9±19.0 cm/s. This resulted in the significant increase of CFVR from 2.39±0.65 to 3.56±1.12 (p<0.001) by NTG administration. The mean change of CFVR (CFVRNTG/.Pre) was 1.57± 0.56.
CFVR in Patients With CSA
In 14 patients with CSA, the mean CFVR at baseline tended to be lower than those in patients without CSA (2.19±0.69 vs 2.63±0.69, p=0.07). In 8 patients with CSA, the baseline CFVR was less than 2.0, a criterion for diagnosis of inducible ischemia. After the administration of NTG, CFVR was significantly higher in patients with CSA than those without (4.09±1.18 vs 2.97±0.69, p=0.004).
Correlation Between LDNTG/Pre and CFVNTG/Pre, CFVRNTG/Pre
The change of basal CFV (CFVNTG/Pre) by NTG administration inversely correlated with the LDNTG/Pre, an angiographic parameter of coronary tone with statistical significance (p<0.001, r 2 =0.539, Fig 1) . Moreover, the CFVRNTG/Pre demonstrated the stronger correlation with LDNTG/Pre (p<0.001, r 2 =0.715).
Discussion
To the best of our knowledge, this is the first study that demonstrated the clinical potential of TTDE in assessing coronary vascular tone. Exactly how the coronary flow is altered during the changes of coronary tone or in the patients with coronary spasm has not been well addressed. This has been partially because of the invasive methods with Doppler guide-wire in measuring the coronary physiology during cardiac catheterization. 10, 11 Inserting the guide-wire into the coronary artery may cause spastic response, and requires pre-medication of nitrates. Morita et al also reported that measuring the diameter of the left main trunk using trans-esophageal echocardiography was also helpful to assess the coronary spasm. 5 In the present study, we measured the CFV and CFVR using TTDE, which was more 'non-invasive' and feasible for the daily practice, compared with their methods.
In the present study, the basal CFV significantly decreased after NTG administration. The homodynamic change was considered to be minimum by giving NTG to the patients; therefore, the driving pressure of coronary circulation might have been relatively constant. As Anderson et al demonstrated, the CFV is inversely related to the lumen size that exists for the distal myocardial bed; the decrease in basal CFV indicated the dilation of the coronary artery. 6 We observed this phenomenon both in echocardiographic and angiographic results in the present study. The basal CFV significantly decreased after NTG administration. Regarding the change of luminal area, the measured decrease of CFV of 26.3±22.7% seemed to be lower than expected. As we only measured one segment of the whole LAD, the variation in the dilation of coronary arteries by NTG may respond to the difference in the magnitude of velocity reduction and luminal increase. 12 However, the present study significantly demonstrated the inverse relationship between flow parameters and LD in the patients, as previously shown in the animal study. 6 As NTG has been thought to dilate the larger coronary vessels and mostly have an impact on the epicardial artery, 13 the NTG-induced decrease of the baseline CFV suggested the significant dilatation of the epicardial arteries. While the baseline CFV varied, hyperemic CFV was relatively constant among the circumstances, before and after NTG administration. As the angiography demonstrated, the vessels were minimally diseased and might be able to dilate almost completely by flow-mediated dilatation during hyperemia. However, we assessed the coronary artery tone by obtaining the change of CFVR induced by NTG administration. The advantages of measuring CFVR over CFV include distinguishing organic stenoses from coronary spasm. CFVR following NTG administration represents epicardial disease and microcirculatory function. Moreover, in the present study, the change of CFVR showed a stronger correlation to the diameter change in the LAD induced by NTG administration than the change of basal CFV did. Several explanations can be related to the results. First, not only the epicardial coronary artery but also the microvascular spasm might contribute to the myocardial ischemia as it does in patients with CSA. 14 The spasm of perforators could be released by NTG administration, and this could affect the change in CFVR. In the present study, the mean CFVR tended to be lower in patients with CSA. However, there was no statistical significance in CFV before NTG administration comparing those with and without CSA. Further prospective analysis with larger numbers of patients is necessary. The second explanation is the elapsed time between measurements and NTG administration. Angiography was taken only once after NTG administration, which could be conducted at different times from the TTDE study in terms of elapsed time after NTG administration. If patients had coronary spasm before the study, this kind of difference in the elapsed time might impact on the results.
Limitations
The present study had several limitations. First, the number of the enrolled patients was relatively low. A prospective study with larger numbers of patients is warranted. Second, the factors influencing the CFV should be considered, such as aortic stenosis, left ventricular hypertrophy, hemodialysis or old myocardial infarction. However, in the present study, none of the patients had any of the diseases listed above; only 5 patients had diabetes. Third, all the patients had a history of chest pain, which might suggest some degree of microvascular impairment but were not able to perform stress-thallium-scintigraphy to exclude microvascular angina; 15 however, the fact that all patients were found to have a normal CFVR value after NTG administration indicated minimum impairment of the microvasculature.
Clinical Implications
Despite those limitations, our methods have some clinical implications. Our methods can be performed repeatedly even for outward patients, thus avoiding invasive angiography to assess the implications of vasodilators for the patients complaining of angina at rest. This simple examination to measure the basal coronary artery tone can be also applied to assess the impact of diets, lifestyle and medications on coronary circulation. Moreover, there is a possible indication to diagnose CSA by using our method.
